We propose a segmentation technique adapted to objects composed of several regions with gray-level f luctuations described by different probability laws. This approach is based on information theory techniques and leads to a multiregion polygonal snake driven by the minimization of a criterion without any parameters to be tuned by the user. We demonstrate the improvements obtained with this approach as well as its low computational cost. This approach is compatible with applications such as object recognition and object tracking with nonrigid deformation in images perturbed by different types of optical noise.
Image segmentation and object shape estimation are among the most challenging problems for pattern recognition and object tracking in particular in new optical and microwave imagery systems, for which the level of noise can be important. In this Letter we focus on the segmentation of objects by use of region-based active contours or snakes. There are several kinds of snake-based segmentation techniques. The earliest ones 1 were driven by the minimization of a function to move the snake toward desired features, usually edges. These approaches are edge based in the sense that the information used is strictly along the boundaries. They are well adapted to a certain class of problems, but they can fail in the presence of strong noise, and they are sensitive to initialization. Another strategy consists of considering not only the edges but also the inner and outer regions defined by the snake. 2 A statistical region-based formulation was proposed in Ref. 3 . It led to a criterion that presents clear optimal properties in the context of statistical estimation theory. This method was extended to different noise models, and a fast algorithm was proposed. 4 It was also shown 5 that this snake technique can be generalized to a grid model for which the number of regions and the number of nodes of the polygonal description are automatically estimated by minimization of the stochastic complexity. 6, 7 However, in these works it was assumed that the noise of each region belongs to the same family of probability density functions (pdfs) (such as gamma in Ref. 5 or Gaussian in Ref. 3 ). This is a strong limit since there exist situations in which the noise in the different regions of the image can belong to different pdf families (such as gamma in some regions and Gaussian in other regions). This can be the case, for example, in active imagery such as radar or sonar, in which in illuminated regions the image is perturbed by speckle noise that can be described with a gamma pdf, 8 whereas the f luctuations in shadow regions are essentially due to electronic noise and have a Gaussian pdf. This is also the case in the presence of texture that modif ies the pdf family in the different regions. Furthermore, there exists a number of important applications, such as tracking or target recognition, for which the number of regions and their topological relations are known but their shapes are unknown and must be tracked in the image. A multiregion snake is particularly well adapted to this problem since it allows one to introduce a priori knowledge of the relations between the different regions of the object without needing to specify its precise shape. This is not the case with the segmentation method introduced in Ref. 5 , which is also slower than the one proposed here.
We demonstrate in this Letter that efficient segmentation can be obtained with multiregion snake techniques when the pdf noise family can be different in each region. To our knowledge, this result has not been demonstrated before. This extension is not straightforward since new statistics (i.e., functions of the gray levels) must be taken into account in comparison with previous work for which all regions had pixel gray levels belonging to the same pdf family. The determination of the regularity of the boundaries can also be diff icult in this context. Indeed, the value of the regularization term must be different for each pdf family, 4 which means that a complex regularization scheme might need to be considered for each region's boundary. We solve this problem by controlling the boundary regularity by minimizing the stochastic complexity of the image by use of a polygonal description. Polygonal contour models not only allow one to eff iciently estimate the shape of objects but also to obtain very fast techniques since segmentation can be performed in a few hundred milliseconds. 4 One can thus obtain a segmentation method based on the minimization of a criterion without any parameters to be adjusted by the user for object segmentation with an arbitrary number of regions and with possibly different gray-level pdf families.
In the following mathematical development, bold font symbols denote vectors. Let us consider a scene s ͕s͑x, y͖͒ modeled as a tessellation of R statistically independent regions. As mentioned above, R and the topological relations between the different regions and their pdf family (but not their parameter values) are assumed to be known to introduce nonrigid a priori knowledge of the shape of the object to segment or to track in the image. In each region V r (r [ ͕1, 2, . . . , R͖) we assume that the pixel intensities are realizations of independent and identically distributed random variables with pdf P ur lr ͑x͒ of type l r and parameter vector u r . Let w ͕w͑x, y͖͒ be an R-valued function that denotes a partition of the image so that w͑x, y͒ r if and only if ͑x, y͒ belongs to region V r . We propose to estimate w by minimizing the stochastic complexity of the image.
Stochastic complexity D is the sum of the code length D S of the gray-level image description with a given partition function w , with code length D G needed to describe this partition. For a given w the number of bits necessary to encode the image is D S P R r1 D r , where D r is the number of bits needed to describe the pixel gray levels in region V r with an entropic code. 9 The code length of such an entropic code is given by To specify partition w we use a polygonal grid (i.e., a set of nodes linked by segments) that def ines the boundaries of regions V r . The polygonal grid can be deformed simply by adding, moving, or removing nodes to minimize
In order not to modify the topological structure of the polygonal grid, only nodes that are connected to only two other nodes can be removed. The code length needed to describe a partition w can be determined as in Ref. 5 :
is the mean value of the horizontal (vertical) distances between adjacent nodes, n is the number of Eulerian graphs, and p is the number of segments.
Thus we obtain optimal shape w opt by simultaneously determining the value k of the number of nodes of the polygonal grid and their locations. This doubleoptimization problem is nontrivial, and the strategy adopted might strongly inf luence the quality of the result. We thus propose to generalize the approach introduced in Ref. 10 , which consists of two basic steps.
In the f irst step, after convergence, obtained by minimizing D 0 with a given value k, the number of nodes is increased so that the distance between two consecutive nodes cannot exceed a given value. This process is initialized with a low k value and stopped when the distance between adjacent nodes is typically equal to 2 or 4 pixels.
The second step is a complexity-reduction technique and consists of removing the node leading to the greatest decrease in D 0 . Its adjacent nodes are then moved so that they are not trapped in a local minimum. The process is then iterated until the minimum of D 0 is obtained.
When a node is moved or removed, only regions adjacent to this node are modified. Thus computing the new value of D 0 S requires only the calculation of the new values of the pixel's number in each adjacent region V r (denoted N r ) and of statistics T l ͑x r ͒ in these regions. Statistics T l ͑x r ͒ are functions of gray-level values s͑x, y͒ that allow one to determine D 0 r . We report in Table 1 the values of these statistics and of D 0 r for different probability laws. The involved calculations are two-dimensional summations over V r . To decrease the computing time, it is then possible to adapt, for each statistic T l ͑x r ͒, the fast algorithm of Ref. 4 to transform two-dimensional summations over a region V r into one-dimensional summations along its contour C r . This technique has been implemented in the results presented below.
Let us now present segmentation results with approximate computing times. These results were obtained on a PC using Linux (Mandrake 8.2) with a 2.8-GHz Xeon processor. The same optimization scheme was applied to all images.
In Fig. 1 different objects are segmented with Gaussian and Poisson criteria and one can see that satisfactory results are obtained with the initial snakes shown. Figure 2 shows that eff icient tracking can also be obtained when the shape evolves in a nonrigid way. Figure 3 , which simulates a synthetic-aperture radar or sonar image with an object and its shadow, illustrates the improvement of segmentation quality that can be obtained when the object consists of regions with different gray-level pdf families. In that example the object and the background gray-level f luctuations are described by gamma laws, whereas the shadow has Gaussian-distributed gray levels. In the same f igure, results obtained when the optimized criterion was determined assuming that the gray-level pdf belongs to the same family (either Gaussian or gamma) are also reported. In Fig. 4 we show an analogous example but for a photon-limited image. The object is made of In conclusion, we have proposed a segmentation technique that is adapted to objects composed of several regions for which gray-level f luctuations belong to different pdf families and that is based on the minimization of a criterion without any parameters to be tuned by the user. We have shown that this technique can lead to a fast algorithm and improves the segmentation quality in comparison with previously developed methods. There are different aspects to this work. Probably the most challenging one is automatic recognition of the probability laws in each region; however, one can, in that case, expect a decrease in performance in comparison with the technique proposed in this Letter. P. Réfrégier's e-mail address is philippe.refregier@ fresnel.fr.
